Introduction
============

Human oral mouth is a host to around 700 bacterial species [@JR_1] living in equilibrium. A disease only occurs when there is a disturbance in this equilibrium and the balance shifts toward pathogenic species. [@JR_2] Human tooth is made up of three hard tissues (enamel, dentin, and cementum). Enamel that covers the anatomical crown of the tooth and is hardest among these tissues. It covers only the dentin in the crown, and dentin in the root is covered by a thin layer of calcified cementum. Enamel is a highly mineralized hard tissue that is 4 wt% organic and 96 wt% inorganic in composition. The presence of high inorganic content makes it the hardest tissue in the human body. Enamel once lost cannot be regenerated or biologically repaired. [@JR_3] Dental caries initiates from the surface of the enamel as it is clinically exposed to oral environment, [@JR_4] and the microbes and oral plaque play an important role in its etiology. [@JR_5]

Dental caries is one of the most prevalent diseases and is caused by destruction of tooth structure by acids produced from cariogenic bacteria after they ferment dietary carbohydrates. [@JR_6] *Streptococcus mutans* are gram positive bacteria that are usually found in biofilms attached to surfaces of the teeth. [@JR_7] *Streptococcus mutans* is considered the major cariogenic species because of its ability to produce large amounts of acids, thus surpassing noncariogenic organisms and causing demineralization of hard tissues of teeth. [@JR_8] [@JR_9] When the demineralization continues, it causes cavitation that provides cariogenic bacteria with a protected space in which dental caries can grow progressively. [@JR_10]

*Nigella sativa* is a medicinal plant also commonly called black seed, black cumin, and/or Habbatul Barakah. [@JR_11] It is used extensively by millions of Muslims around the world and has a religious significance attached to its use [@JR_12] Historically, Nigella sativa seeds have been used for the treatment of body aches, nose congestion, and intestinal worms. [@JR_13] These seeds are considered to be an active source of providing ions like calcium, [@JR_14] which could be useful in remineralization of tooth structure.

One of the active components of Nigella sativa is thymoquinone (TQ) that has been reported to be anticarcinogenic, [@JR_15] anti-inflammatory, analgesic, and antimicrobial. [@JR_16] TQ has also shown promising results in a previous animal study where Shaker and Al-Wafi evaluated TQ for the prevention of gingival inflammation in a rat model. [@JR_17] It was concluded that gingival inflammation and periodontal indices were significantly lower in rats treated with TQ as compared with the control groups. The role of TQ in healing oral ulcers is also present in the literature. [@JR_18] Al-Thobity et al demonstrated in a previous study that the addition of TQ in acrylic denture base could be useful in preventing adhesion of Candida albicans to it, thus resulting in prevention of denture stomatitis. [@JR_19]

There is a deficit of literature dealing with the effects of TQ on the hardness of dental enamel. Therefore, the aim of the present study was to evaluate changes in the micro-hardness of enamel after it is exposed to TQ (by simple immersion and by simulated tooth brushing).

Materials and Methods
=====================

Ethical approval was obtained from the Scientific Research Unit of the institute (Ref: EA 2018001) and all the ethical protocols were strictly followed. Dry powder extract of TQ (Sigma-Aldrich) and TQ oil was obtained and used in the experiments.

Artificial Saliva Preparation
-----------------------------

Artificial saliva (AS) was prepared by mixing NaCl: 0.400 g, KCl: 0.400 g, NaH ~2~ PO4. H ~2~ O: 0.69 g; CaCl ~2~ . H ~2~ O: 0.795 g; Na ~2~ S. 9H ~2~ O: 0.005 g in 1000 mL of deionized water, as suggested by Fusayama et al. [@JR_20] The pH of freshly prepared AS was 5.5 that was adjusted to a neutral pH of 7.0 by adding aliquots of 1 M of NaOH as proposed by Farooq et al. [@JR_21]

Preparation of Enamel Blocks and Grouping of Specimens
------------------------------------------------------

Sixteen extracted teeth ( *n* = 16) were obtained from oral and maxillofacial surgery clinics of the institute. Teeth that were free from caries, restorations, or any other obvious defects were selected. Enamel blocks were prepared by cutting these teeth mesiodistally over cementoenamel junction with a water-cooled diamond saw (Isomet 5000 Linear Precision Saw; Buehler Ltd, Illinois, United States) at a blade speed of 3,000 rpm and a feed rate of 10 mm/min. The root portion was discarded and the crown was then embedded in an acrylic block in such a manner that the buccal surface was exposed. Before the experiments, enamel surfaces were serially polished with a water-cooled carbide paper of up to 1200 grit fineness (3M; St. Paul, Minnesota, United States). These sixteen enamel blocks were then randomly divided into two groups (each group received eight blocks, *n* = 8); Gp 1 (control): enamel blocks kept in AS for 24 hours and Gp 2: enamel blocks kept in a mixture of TQ (1 g) and AS (100 mL) for 24 hours.

The mixture of AS and TQ was prepared first by weighing it using a motorized analytical balance scale (Sgm Laboratory Solutions, India) and then mixing it using a magnetic stirrer (Hot Plate stirrer LabTech, Italy).

Surface Micro-Hardness Analysis
-------------------------------

The enamel blocks were analyzed for changes in the values of surface micro-hardness and the data were collected pre- and post-immersion in AS for Gp 1. For Gp 2 containing a mixture of AS + TQ the data were again collected before and after immersion in the mixture. The Vickers hardness number (VHN) values were measured using a digital micro-hardness tester (FM-ARS 9000; Future-Tech Corp, Kawasaki, Japan). In each sample, an area was marked with a nail varnish and three indents were made inside that marked area using a Vickers diamond indenter under a 100-g load applied for 10 seconds.

Simulated Tooth Brushing with Thymoquinone
------------------------------------------

Post-immersion, enamel blocks belonging to groups 1 and 2 were subjected to simulated brushing that was performed inside a toothbrush simulation machine (Toothbrush simulator; model ZM-3.8, Germany), under a load of 250 g for 2,000 linear strokes per day for 4 days (each sample received 8,000 strokes that is equivalent to 5 months of in vivo brushing). [@JR_6] For brushing of group 1 specimens, 3 mL of AS and for group 2, 3 mL of TQ oil were used. After every brushing cycle, all the specimens were washed with distilled water thoroughly. After fourth day of brushing, specimens were washed with distilled water and were left to air dry prior to surface micro-hardness analysis again.

Statistical Analysis
--------------------

Data analysis was performed by using SPSS-20.0 (IBM product; Chicago, Illinois, United States). Wilcoxon signed-rank test was applied to evaluate significance of mean within the control and experimental groups comparing baseline values versus post-immersion and post-brushing values. A *p* -value ≤0.05 was considered statistically significant difference of means.

Results
=======

The micro-hardness level of enamel surfaces was assessed by Vickers indentation ( [Fig. 1](#FI67-1){ref-type="fig"} ). The results of the present study indicated improvement in micro-hardness levels for both groups. For the control group in which enamel blocks were only exposed to AS, the improvement was less than the experimental group in which enamel blocks were exposed to a mixture of AS + TQ ( [Fig. 2](#FI67-2){ref-type="fig"} ). The mean baseline VHN for the control group was 498.6 that improved to 500.4 post-immersion, and 503.5 post-brushing. The mean baseline VHN for the experimental group was 448.7 that improved to 531 post-immersion, 610.3 post-brushing ( [Table 1](#TB_1){ref-type="table"} ). Statistically significant differences ( *p* \< 0.05) were perceived when post-brushing VHN values of both groups were compared and were also observed within the experimental group when post-brushing values were compared with baseline values.

![Image showing indentations performed on enamel surfaces to obtain Vickers hardness number values.](10-1055-s-0039-1697117_00067_01){#FI67-1}

![Image showing a comparison of Vickers hardness number values between the two groups at baseline, post-immersion, and post-brushing.](10-1055-s-0039-1697117_00067_02){#FI67-2}

###### Mean VHN for both groups measured at baseline, post-immersion, and post-brushing

  Groups           Control group (mean ± SD)   Experimental group (mean ± SD)   *p* -Value
  ---------------- --------------------------- -------------------------------- ------------
  Baseline         498.63 ± 83.85              448.73 ± 103.39                  0.307
  Post-immersion   500.46 ± 85.89              531.02 ± 104.86                  0.534
  Post-brushing    503.50 ± 85.65              610.36 ± 68.67 ^a,b^             0.016

Discussion
==========

The results of our study show improved hardness level of enamel blocks when they were exposed to TQ (post-immersion and post-brushing), whereas, in the control group containing AS, there was only a slight improvement in the hardness level. Dental enamel is a mineralized tooth tissue that is mostly inorganic (96 wt%) and forms the outer protective covering of teeth. [@JR_22] The enamel is exposed to various acidic and masticatory challenges throughout its existence; therefore, it is important to analyze hardness levels of enamel and how they are affected by various elements. [@JR_23] [@JR_24]

Human saliva could act as a medium and also as a chief source of transporting essential ions like calcium and phosphate to the tooth structure. [@JR_25] However, the role played only by saliva in hardening of dental enamel is debatable. Enamel is open to an active oral environment and it has the ability to adsorb minerals from its environment by mechanism of simple diffusion. [@JR_26] Alencar et al performed an in situ study to understand hardening of acid-softened enamel by saliva at different time intervals and concluded that it takes at least 2 hours to achieve partial hardening of enamel only. [@JR_27] In another similar in vitro study, Wang et al reported that application of AS for several hours could only lead to limited recovery of apatite enamel structure. [@OR_28] Our study revealed similar results where enamel hardness was only slightly increased after exposure to AS, although in our study enamel blocks were not demineralized before being exposed to AS and to the mixture of AS + TQ.

It is noteworthy to mention that even after stirring the mixture for 2 hours in our study, TQ was only partially dissolved in AS. This could be attributed to the physicochemical nature of TQ that is identical to hydrophobic materials that may well lead to its poor bioavailability. [@JR_29] Nevertheless, the mixture of AS + TQ showed significantly higher micro-hardness levels of enamel surface post-immersion. TQ is chemically 2-methyl-5-isopropyl-1, 4-benzoquinone. [@JR_30] It is the main bioactive component of Nigella sativa and TQ could be accountable for its main biological actions. [@JR_31] Many researchers also believe that all benefits of Nigella sativa are actually due to the presence of TQ in its composition. [@JR_32] [@JR_33] [@JR_34] [@JR_35] [@JR_36] [@JR_37]

Post-brushing, micro-hardness values of the experimental group were significantly increased. It could not be said with authority what led to an increase in micro-hardness level of enamel surfaces in our study but the only variable changed between the groups was brushing enamel blocks with TQ oil in the experimental group. This could have possibly improved the hardness of enamel surfaces in that group.

One limitation of our study is its in vitro nature as actual in vivo conditions but to overcome this, every attempt was made to standardize all the variables (teeth number of both groups, exposure time, quantity of exposed solution). Another limitation of our study was that it is almost impossible to take baseline, post-immersion, and post-brushing hardness values from exactly the same area of enamel's surface. To minimize the variation, the area from that we aimed to take hardness values was marked first and then micro-hardness was analyzed in only that particular area. The same area was brushed during simulated brushing with AS and TQ for our control and experimental groups. In the future, comparison of TQ with a fluoride containing toothpaste could prove useful to determine efficacy of both products in remineralizing enamel.

To the best of the author's knowledge, this is the first in vitro study that has tested TQ's effect on the micro-hardness level of dental enamel. The positive results of our study could lead to future in vivo studies to understand TQ's effect in a more vigorous dynamic oral environment.

Conclusion
==========

Exposure to TQ led to an increased micro-hardness of enamel surfaces as compared with the enamel blocks exposed to AS only. Future clinical studies are indicated to test TQ under intense in vivo oral conditions.
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